To compete for nutrients in diverse soil microenvironments, plants proliferate lateral roots preferentially in nutrient-rich zones. For nitrate, root foraging involves local and systemic signaling; however, little is known about the genes that function in the systemic signaling pathway. By using nitrate enhancer DNA to screen a library of Arabidopsis transcription factors in the yeast one-hybrid system, the transcription factor gene TEOSINTE BRANCHED1/CYCLO-IDEA/PROLIFERATING CELL FACTOR1-20 (TCP20) was identified. TCP20, which belongs to an ancient, plant-specific gene family that regulates shoot, flower, and embryo development, was implicated in nitrate signaling by its ability to bind DNA in more than 100 nitrate-regulated genes. Analysis of insertion mutants of TCP20 showed that they had normal primary and lateral root growth on homogenous nitrate media but were impaired in preferential lateral root growth (root foraging) on heterogeneous media in split-root plates. Inhibition of preferential lateral root growth was still evident in the mutants even when ammonium was uniformly present in the media, indicating that the TCP20 response was to nitrate. Comparison of tcp20 mutants with those of nlp7 mutants, which are defective in local control of root growth but not in the root-foraging response, indicated that TCP20 function is independent of and distinct from NLP7 function. Further analysis showed that tcp20 mutants lack systemic control of root growth regardless of the local nitrate concentrations. These results indicate that TCP20 plays a key role in the systemic signaling pathway that directs nitrate foraging by Arabidopsis roots. TCP20 | nitrate | root foraging | systemic signaling | Arabidopsis N itrate is an important source of nitrogen (N) for plants especially in aerobic soils where nitrate levels can fluctuate dramatically (reviewed in refs. 1-3). Plants, being immobile, have developed adaptive responses in their root systems to reprogram their metabolism, gene expression, and development to accommodate these fluctuations (reviewed in refs. 3-9). One of the first responses to nitrate occurs at the level of gene expression in roots where the expression of over 1,000 genes is affected (10) (11) (12) . Within minutes, primary nitrate response genes, including members of the nitrate transporter families NRT1 and NRT2 and the nitrate and nitrite reductase genes NIA1, NIA2, and NiR, are induced. These responses are mediated by signaling pathways that include the nitrate transceptor NRT1.1 (13, 14) , two kinases (CIPK8 and CIPK23) (13, 15) , and the transcription factors NLP6/7 (16-18), LBD37/38/39 (19), and SPL9 (12).
To compete for nutrients in diverse soil microenvironments, plants proliferate lateral roots preferentially in nutrient-rich zones. For nitrate, root foraging involves local and systemic signaling; however, little is known about the genes that function in the systemic signaling pathway. By using nitrate enhancer DNA to screen a library of Arabidopsis transcription factors in the yeast one-hybrid system, the transcription factor gene TEOSINTE BRANCHED1/CYCLO-IDEA/PROLIFERATING CELL FACTOR1-20 (TCP20) was identified. TCP20, which belongs to an ancient, plant-specific gene family that regulates shoot, flower, and embryo development, was implicated in nitrate signaling by its ability to bind DNA in more than 100 nitrate-regulated genes. Analysis of insertion mutants of TCP20 showed that they had normal primary and lateral root growth on homogenous nitrate media but were impaired in preferential lateral root growth (root foraging) on heterogeneous media in split-root plates. Inhibition of preferential lateral root growth was still evident in the mutants even when ammonium was uniformly present in the media, indicating that the TCP20 response was to nitrate. Comparison of tcp20 mutants with those of nlp7 mutants, which are defective in local control of root growth but not in the root-foraging response, indicated that TCP20 function is independent of and distinct from NLP7 function. Further analysis showed that tcp20 mutants lack systemic control of root growth regardless of the local nitrate concentrations. These results indicate that TCP20 plays a key role in the systemic signaling pathway that directs nitrate foraging by Arabidopsis roots. TCP20 | nitrate | root foraging | systemic signaling | Arabidopsis N itrate is an important source of nitrogen (N) for plants especially in aerobic soils where nitrate levels can fluctuate dramatically (reviewed in refs. 1-3). Plants, being immobile, have developed adaptive responses in their root systems to reprogram their metabolism, gene expression, and development to accommodate these fluctuations (reviewed in refs. [3] [4] [5] [6] [7] [8] [9] . One of the first responses to nitrate occurs at the level of gene expression in roots where the expression of over 1,000 genes is affected (10) (11) (12) . Within minutes, primary nitrate response genes, including members of the nitrate transporter families NRT1 and NRT2 and the nitrate and nitrite reductase genes NIA1, NIA2, and NiR, are induced. These responses are mediated by signaling pathways that include the nitrate transceptor NRT1.1 (13, 14) , two kinases (CIPK8 and CIPK23) (13, 15) , and the transcription factors NLP6/7 (16) (17) (18) , LBD37/38/39 (19) , and SPL9 (12) .
Adaptive responses to nitrate also include reprograming root development to adjust plant root system architecture. In response to heterogeneous soil environments, plants preferentially proliferate lateral roots into patches of high nitrate (20) . Such root foraging is an important resource-capture mechanism. To model this process in the laboratory, roots of an individual plant are separated into high-nitrate (HN) and low-nitrate (LN) compartments (such as in the "split-root" system), resulting in preferential growth of lateral roots (LR) in the high-nitrate compartment (20) (21) (22) (23) (24) and inhibition of nitrate uptake activity in the low-nitrate compartment (25) (26) (27) (28) . Such responses are controlled by regulatory networks that integrate both local and systemic (or long-distance) signals (3, 5, 7, 8, 24, 29, 30) .
Local signaling is mediated by NRT1.1 (NPF6.3) and its downstream MADS-box transcription factor ANR1 (21, 23, (31) (32) (33) . NRT1.1 is induced by auxin (34) and is itself an auxin transporter that represses lateral root growth in regions of low nitrate (31) . Other genes that link nitrogen and root growth include the following: the auxin receptor-miRNA module AFB3-miR393 and its downstream target NAC4, which control root system architecture in response to nitrate (35, 36) ; ARF8, a miR167-regulated, auxin response factor that stimulates lateral root initiation in pericycle cells in response to organic N (37); NRT2.1, which suppresses lateral root initiation under conditions of high nitrogen/carbon ratios (38, 39) ; NLP7, which represses root growth on uniform nitrate-replete media (16) ; and the CLE-CLAVATA1 peptide-receptor system, which restricts root expansion under N deficiency (40) . Finally, the gene HNI9 has been shown to be a repressor of NRT2.1 expression at high N (41).
Systemic signaling allows roots to respond to the overall N status of plants and provides critical input into root-foraging responses. For example, on uniform (homogeneous) high-nitrate media, plants experience high-N status and repress lateral root growth (29) . Systemic signals include amino acids (42, 43) and Significance Root foraging is a prominent example of phenotypic plasticity where plants proliferate lateral roots preferentially in nutrient-rich zones to compete for nutrients in diverse soil microenvironments. Nitrate (NO 3 − ) is an important source of nitrogen in soils and also serves as a key signal for root development. Our studies demonstrate that the transcription factor TEOSINTE BRANCHED1/ CYCLOIDEA/PROLIFERATING CELL FACTOR1-20 (TCP20) functions in nitrate foraging as an essential part of the systemic signaling pathway that redirects root growth to nitrate-rich zones. An understanding of these molecular mechanisms will assist in efforts to improve nitrogen use efficiency in agriculture and thereby reduce greenhouse gas emissions and pollution of ecosystems.
the hormones ABA (44), cytokinin (24) , and auxin (45) , but little is known about the genes that mediate systemic signaling (reviewed in refs. [46] [47] [48] .
Another important aspect of nitrate signaling is the nitrateresponsive, DNA regulatory elements. Several nitrate enhancers have been identified in the NRT2.1, NIA1, and NiR genes (49) (50) (51) (52) . For NRT2.1, a 150-bp fragment was found that confers nitrate inducibility and N metabolite repression on a minimal core promoter (49) . For NIA1, a nitrate-responsive 109-bp fragment was shown to have multiple regulatory elements (50) . The NIA1 fragment was incorporated into a nitrate-inducible reporter construct (NRP)-YFP and used in a forward genetic screen to isolate nitrate regulatory mutants (14) . Mutations were found in the nitrate regulatory genes NRT1.1 and NLP7 (14) .
In the work reported here, the 109-bp NIA1 fragment and the 150-bp NRT2.1 fragments were used in one-hybrid screens. The transcription factor gene TCP20 was found to bind both fragments, and the analysis of this gene revealed that it functions in the systemic signaling pathway that regulates root foraging for nitrate.
Results TCP20 Binds to NIA1, NRT1.1, and NRT2.1 Promoter DNA. Yeast onehybrid screens were performed with the 109-bp nitrate enhancer fragment of NIA1 (50) and the 150-bp nitrate enhancer fragment of NRT2.1 (49) against a library of 1,650 clones of known or predicted transcription factors (TFs) in Arabidopsis (53). The gene TCP20 (At3g27010) was identified in both screens. TCP20 belongs to the plant-specific, TEOSINTE BRANCHED1/CYCLOIDEA/ PROLIFERATING CELL FACTOR1 (TCP) family of transcription factors that play important roles in plant growth and development by controlling cell proliferation, organ morphogenesis, mitochondrial biogenesis and function, hormone metabolism and circadian cycling (reviewed in ref. 54) . These proteins contain an ∼60 amino acid, unique bHLH domain (called the TCP domain) required for DNA binding and dimerization (55, 56) . They bind GC-rich promoter elements found in many genes including CYCLIN B1 (CYCB1) and CIRCADIAN CLOCK ASSOCIATED1 (CCA1) (54, (57) (58) (59) (60) (61) . Twenty-four TCP members have been identified in Arabidopsis and are divided into two groups, class I and class II, with TCP20 belonging to the class I family (54) . The nuclear-localized TCP20 protein is expressed throughout development including in embryos, young leaves, flower buds, and root tips (62, 63) . The function of TCP20 has been difficult to establish genetically [as is the case for the class I TCP gene in general (64, 65) ] as single tcp20 mutants show no clear shoot phenotype with the exception of an increase in pavement cell sizes during early leaf development (58, 62, 63) . Double mutants (tcp9tcp20 and tcp19tcp20), however, display accelerated senescence phenotypes (63) . TCP20 overexpresser lines show severe, pleiotropic, and unstable phenotypes (62, 63) . Based on TCP20's DNA-binding properties, it has been suggested that TCP20 plays a regulatory role in cell division, expansion, and differentiation and, at the whole-plant level, in organ morphogenesis and development (58, 62, 63, 66) . Consistent with a broad regulatory role, transcriptome studies indicated that TCP20 binds promoter regions of many genes (58, 62) . Comparing these lists of genes with those that are nitrate-regulated (67) revealed a substantial overlap with over 100 nitrate-responsive genes binding to and potentially being regulated by TCP20 (SI Appendix, Table S1 ).
To verify the yeast one-hybrid results, electrophoretic mobility shift assays (EMSA) were performed, which showed that TCP20 protein or its DNA-binding domain specifically binds to the 109-bp fragment from NIA1 and the 150-bp fragment from NRT2.1 in vitro (Fig. 1A) . Using chromatin immunoprecipitation (ChIP)-quantitative PCR (qPCR) assays, TCP20 was found to bind the promoter regions containing the enhancer fragments of NRT2.1 and N1A1 in vivo (Fig. 1B) . Because a previous report indicated that the NRT1.1 gene is a target for TCP20 binding (62) , ChIP-qPCR assays were done for NRT1.1 using a series of primers designed to cover the NRT1.1 promoter region (Fig. 1C) . TCP20-specific enrichments were identified between −1,235 and −456 bp of the NRT1.1 promoter region, confirming that TCP20 also binds to NRT1.1 in vivo. These results indicate that TCP20 binds key regulatory regions of primary nitrate assimilatory and regulatory genes. Based on these findings, further experiments were performed to examine the role of TCP20 in nitrate responses in roots.
tcp20 Mutants Are Defective in Nitrate Foraging by Roots. To study the function of TCP20, two tcp20 mutants with independent T-DNA insertions were isolated and found to have no detectable mRNA upstream of the insertion sites (SI Appendix, Fig. S1 ). Because nitrate responses have been characterized most extensively in roots and because TCP proteins play such a prominent role in development [shown for shoot, flower, and embryo development (54)], root developmental phenotypes were examined. No statistically significant changes in primary root or lateral root number or growth up to 8 d were observed on uniform nitrate agarose plates (SI Appendix, Fig. S2 ), consistent with previous reports showing little-to-no-growth phenotypes for tcp20 single mutants (58, 62) . Next, split-root assays were performed where two lateral roots were placed on separate agarose blocks containing high or low levels of nitrate to examine root-foraging phenotypes for nitrate. This system has been used extensively to study root foraging because it mimics a heterogeneous soil environment (22-24, 28, 33) . Growth of total secondary lateral roots originating from the two main lateral roots was measured. For wild-type (WT) plants, lateral root growth is much higher (more than sixfold) on the high nitrate agarose media (5 mM NO 3 − ) compared with the low side (0 mM NO 3 − ) indicative of preferential growth in regions of abundant nitrate (Fig. 2 ). This behavior was observed for 10-d-old plants ( Fig. 2A) , in timecourse measurements (solid lines in Fig. 2B ), and in the ratios of total lateral root length (HN versus LN) after 10 d (Fig. 2C ). For the tcp20 mutants, however, lateral root length was reduced on the high side and enhanced on the low side ( Fig. 2 A and B) , resulting in a significant drop in the ratio of total lateral root length from >6 in WT plants to <2 in tcp20 mutants (Fig. 2C) . A (23)]; however, the chl1 phenotype differs from that of tcp20 in that the low-nitrate roots of chl1 showed no enhancement of growth whereas the tcp20 roots did (Fig. 2B ). These data show that TCP20 is needed for preferential growth of lateral roots in nitrate-rich regions (i.e., nitrate foraging) by Arabidopsis roots.
To provide additional verification that these phenotypes were due to mutations in TCP20, the tcp20 mutant was complemented by a TCP20 cDNA clone in a 2 × 35S:3FLAG-TCP20 construct. Transgenic lines (tcp20-2CM) containing this construct were produced, and one with TCP20 mRNA at levels similar to WT plants (SI Appendix, Fig. S3D ) was selected and analyzed in the split-root system. Preferential root growth, HN/LN ratios, and root growth kinetics were all restored to WT levels in the tcp20-2CM line (SI Appendix, Fig. S3 ). In addition, the increase in pavement cell size, previously reported for tcp20 mutants (63) and reproduced in our experiments, was also reversed to WT levels in the complemented line (SI Appendix, Fig. S4 ).
Ammonium is another important N source and influences lateral root development via lateral root initiation (8, 68) . We examined the effect of ammonium on the nitrate foraging response in WT and tcp20 mutants in the split-root system ( Fig. 3 and SI Appendix, Fig. S5 ). The assays revealed that in presence of ammonium WT plants still showed preferential lateral root growth on high nitrate and that this response was impaired in tcp20 mutants (Fig. 3A) . In the presence of 1 mM ammonium on both sides, the HN/LN ratio was reduced from 3.1 for WT plants to 1-1.6 for tcp20 mutants (Fig. 3B) , similar to what was observed for tcp20 mutants without ammonium (Fig. 2C) . Interestingly, the time courses showed that there was much less suppression of growth on the HN media and greater enhancement on the LN media when ammonium was present for the tcp20 mutants (compare Figs. 2B and 3A) . That the preferential growth observed with WT plants even in the presence of uniform ammonium is impaired in the tcp20 mutants indicates that the TCP20-dependent pathway responds to the differential nitrate levels.
Analysis of tcp20 and chl1 or nlp7 Double Mutants Reveals Different Roles in Nitrate Foraging. As described in the Introduction, two other key genes known to control lateral root growth in response to nitrate are NRT1.1 and ANR1. Specifically, it has been proposed that NRT1.1, independent of its nitrate uptake activity, promotes root foraging via an ANR1-dependent signaling pathway (23) . Recently, a model for NRT1.1 functioning as an auxin transporter suppressing lateral growth at low external nitrate and during root foraging has been presented (31, 33) . To examine the genetic relationship between TCP20 and NRT1.1, several experiments were performed. Lateral root growth in the splitroot system was compared for chl1 and tcp20 single and chl1-tcp20 double mutants (Fig. 4 and SI Appendix, Fig. S6 ). As described above, both chl1 and tcp20 single mutants show less growth on the high-nitrate medium compared with WT, but tcp20 mutants show enhanced growth on the low-nitrate medium, unlike chl1 mutations (Fig. 2) . For the double mutants, lateral root growth rates were slightly higher than chl1 single mutants (Fig. 4A) , and the HN/LN ratio was similar to that of the single mutants (Fig. 4C) . To investigate the interaction between TCP20 and NRT1.1 further, expression of the nitrate-inducible reporter gene NRP-YFP was examined after treatments with different N sources. When treated with nitrate but no ammonium, YFP fluorescence was much reduced in both single mutants and the double mutant (Fig. 4D) . However, when treated with both nitrate and ammonium, YFP fluorescence was reduced in the chl1 single but not the tcp20 single mutant, and the double mutant showed low fluorescence like the chl1 single mutant. As expected, no YFP fluorescence was observed when plants were treated with ammonium and no nitrate. These findings suggest that NRT1.1 acts downstream of TCP20 for the control of NRP expression in the presence of ammonium, but in the absence of ammonium (for NRP expression and root foraging), there is no simple relationship that is apparent.
Another key nitrate regulator is NLP7, a member of the RWP-PK TF family (14, (16) (17) (18) . NLP7, like TCP20, is not nitrateresponsive at the mRNA level, but NLP7 accumulates inside the nucleus to mediate early nitrate responses (18) . To examine genetic interactions between NLP7 and TCP20, nlp7 single and nlp7-tcp20 double mutants were studied in the split-root system. The nlp7 single mutants differ from tcp20 single mutants in that they show severely reduced lateral root growth in both high-and low-nitrate media, indicating loss of local stimulation of root growth (Fig. 4B and SI Appendix , Fig. S6 ); however, a high HN/LN lateral root ratio (WT: 6.4; nlp7 mutant: 5.4; Fig. 4C ) was retained, indicating that the systemic response was still intact. The nlp7-tcp20 double mutants showed an additive effect with a significant drop in the HN/LN lateral root ratio (from 6.4 in WT to 1.5 in nlp7-tcp20 mutants, Fig. 4C ) and severely reduced overall lateral root growth (Fig. 4B) . These results suggest that NLP7 functions locally in this assay and acts independently of TCP20 and that TCP20 functions in the systemic response to nitrate. TCP20 Functions in the Systemic Signaling Pathway. As described above, the root growth and foraging phenotypes of tcp20 mutants (in contrast to the nlp7 mutants) indicated that TCP20 is involved in systemic signaling. To test this idea, split-root experiments were performed using the method of Ruffel et al. (24) , in which roots are grown under four different NO 3 − conditions (C.KNO 3 , Sp.KNO 3 , Sp.KCl, and C.KCl; for illustration see SI Appendix, Fig. S7 ). The Sp.KNO 3 -Sp.KCl conditions refer to the standard split-root assay with high nitrate (Sp.KNO 3 ) and no nitrate (Sp.KCl) agarose blocks as described above. The C.KNO 3 -CKNO 3 and C.KCl-C.KCl conditions refer to lateral roots split between identical agarose blocks with high or no nitrate, respectively. Comparing C.KNO 3 and Sp.KNO 3 roots will reveal systemic effects at high-local-nitrate concentrations. Likewise, comparing Sp.KCl and C.KCl roots will reveal systemic effects at low-local-nitrate concentrations. For WT plants, a large systemic effect is observed under high-localnitrate conditions ( Fig. 5A ; compare C.KNO 3 with Sp.KNO 3 ), and a smaller but statistically significant effect is seen under no-nitrate conditions ( Fig. 5A ; compare Sp.KCl with C.KCl). Both tcp20 mutants, however, showed no statistically significant difference in systemic effects under either condition (Fig. 5 B and C) . These results strongly support the conclusion that TCP20 functions in systemic signaling for nitrate root foraging.
Because TCP20 was found to bind to enhancer fragments and potential regulatory regions of nitrate assimilatory genes in vitro and in vivo, we investigated the possibility that TCP20 might control their expression. TCP20 itself is not nitrate-inducible (10, 67) . mRNA levels of NRT1.1, NRT2.1, NIA1, and NiR were measured after growth on uniform KNO 3 media plates and splitroot plates. tcp20 mutants displayed consistently lower levels of NRT1.1 and NIA1 mRNA at 10 d on the uniform and LN side of split-root plates but showed little change in NRT2.1 and NiR mRNA levels (SI Appendix, Figs. S8 and S9).
Discussion
Active root foraging is important for plant growth and fitness; for example, it is needed to survive interspecific competition in N-limited diverse plant communities (69) . We have uncovered a key transcription factor that is needed for root foraging for nitrate. TCP20 is part of a large family of transcription factors that have been shown to regulate leaf, flower, and embryo development. Very little is known about how TCP genes function in root development although TCP20 expression was found in root tips and vascular tissue. Our findings show that TCP20 functions in root development to mediate the preferential proliferation of lateral roots in zones of high nitrate. The presence of homogeneous ammonium did not override this response, indicating that TCP20 is involved in the foraging for nitrate and not for any inorganic N.
Root foraging involves both local and systemic signaling. We present a model that summarizes key findings reported here and published previously (Fig. 5D) . Plant roots respond to the local levels of nitrate by adjusting gene expression and lateral root growth. NRT1.1 and NLP7 are known to mediate different aspects of these local responses (Fig. 5D and reviewed in ref. 9 ). NLP7 activates gene expression by localizing in the nucleus after nitrate treatment and represses root growth on nitrate-replete media, but its role in nitrate foraging was unknown (16, 18) . Our results indicate that it acts locally in the split-root system to stimulate lateral root growth on both HN and LN media, acts independently of TCP20, and does not function in systemic signaling under these conditions. NRT1.1 functions locally as a nitrate sensor for gene induction and as an auxin transporter that adjusts auxin levels in root tips in response to nitrate levels (13, 31, 33) . It acts upstream of ANR1 to promote lateral root elongation in zones of high nitrate (23) by an auxin-independent, unknown mechanism (33). On the low-nitrate media, NRT1.1 lowers auxin levels and meristematic activities to suppress lateral root growth (33) . Superimposed on these local regulators is systemic control that involves cytokinin and both demand and supply signals that redirect lateral root growth from low-nitrate to high-nitrate zones (24) . Our results show that TCP20 plays a key role in this systemic control (Fig. 5D ). Mutations in TCP20 strongly suppress the preferential growth of lateral roots by equalizing growth across heterogeneous nutrient environments but do not suppress lateral root growth on homogeneous media (Figs. 2B and 4B; SI Appendix, Fig. S2 ). Most telling is the finding that tcp20 mutants have higher lateral root growth on low-nitrate media of split-root plates as if the plants were impervious to any systemic signal (Fig. 2 B and C; Fig. 3 A and B) . These phenotypes contrast with those of nlp7 mutants, which show severe inhibition of lateral root growth on both high-and low-nitrate media on split-root plates (defective in local growth control) but little effect on the HN/LN ratios (root-foraging response) (Fig. 4  B and C) . In addition, using a rigorous test for systemic effects (24), we found that tcp20 mutants showed no systemic signaling in the presence of high or no nitrate (Fig. 5 A-C) . At this time there is no evidence to connect TCP20 with cytokinin, as TCP20 mRNA shows no response to cytokinin (70) . There are several lines of evidence that TCP20 does regulate NRT1.1. TCP20 binds to the NRT1.1 promoter in vivo (Fig. 1) , and tcp20 mutants show much lower NRT1.1 mRNA on uniform media and on the LN side of split roots (SI Appendix, Figs. S8 and S9) . However, the role of this interaction to control root foraging is unclear from the double-mutant analysis. Altogether these results strongly indicate that TCP20 is part of the systemic signaling pathway that controls root foraging. For future work, it will be interesting to determine if other members of the TCP family play a role in lateral root development in general (71) and in root foraging in particular.
Materials and Methods
One-Hybrid Screen for Transcription Factors That Bind Nitrate Enhancer Elements. The NIA1 109-bp DNA fragment (16) and the NRT2.1 150-bp DNA fragment (49) were used for screening the transcription factor library as described (59, 72) . Bait strains were obtained by homologous recombination of pLacZi (Clontech) bait vectors in the yeast YM4271 (Clontech). The NIA1 109-bp fragment was amplified with NIA1-109 F (GGAAGCTT-TCGAAAATTCAAACAAGTGAC) and NIA-109R (GCGGTACC-AGGCTAAGTGGCGCATGGGA). The NRT2.1 180-bp fragment was amplified with NRT2.1 F (TTGGAAGCTT-GAGGGAAGGGTAGAGCGG) and NRT2.1 R (TTGGGTCGAC-TAGGGTTCCTAGCCAGTG). Amplified fragments were digested and cloned into pLacZi HindIII/KpnI or HindIII/XhoI sites, respectively.
Constructs. Full-length TCP20 was amplified with primers AT3G27010F-BglII (CCAGATCTATGGATCCCAAGAACCTAAATCG) and AT3G27010R (TTAACGAC-CTGAGCCTTGAG). The TCP20-binding region (TCP-DB) was amplified with AT3G27010DBF-BamHI (GAGGATCC-TCTAACAAAGACAGACACACTAAAG) and AT3G27010DBR (TGAACCAGTAGCTGCAATAATC). The PCR products were cloned into the BamHI-SmaI sites of pGEX-2TK by enzyme digestion and filling in with Klenow. For 3XFLAG-TCP20, the TCP20 ORF was first amplified from a TCP20 cDNA clone by a pair of primers, AT3G27010F-GW(GGGGACAAGTTTGTACAAA-AAAGCAGGCTTCATGGATCCCAAGAACCTAAATCG) and AT3G27010RGW(GGG-GACCACTTTGTACAAGAAAGCTGGGTCTTAACGAC CTGAGCCTTGAG), containing Gateway sites. The products were subcloned into pDNOR207 (Invitrogen) and then recombined with pJAN33-2 × 35S::3XFLAG (gift from Kathy Barton, Carnegie Institute of Plant Biology, Stanford, CA).
Plant Material and Transformation. Arabidopsis thaliana plants were of Columbia ecotype. For tcp20 mutants, two mutant alleles, tcp20-2 (SALK_088460C) and tcp20-4 (SALK_041906C), were obtained (73) . To generate the 2 × 35S::3FLAG-TCP20 transgenic line (tcp20-2CM), tcp20-2 mutant plants were transformed with the Agrobacterium strain GV1301:pmp90RK carrying pJAN33-2 × 35S::3FLAG-TCP20. Agrobacterium GV1301:pmp90RK was grown in LB containing 50 μg/mL kanamycin, 25 μg/mL gentamycin, and 50 μg/mL carbenicillin at room temperature. chl1 and nlp7 single mutants are described in ref. 14. tcp20-2xchl1 and tcp20-2xnlp7 double mutants were produced by crossing the two parental lines, selfing the F1 plants, and selecting F2 homozygous progeny homozygous by PCR analysis.
Plant Growth Medium and Conditions. Basal medium contained 10 mM KH 2 PO 4 /K 2 HPO 4 (pH 5.8), 2 mM MgSO 4 , 1 mM CaCl 2 , 0.125 mM NaFeEDTA, 0.5% (wt/vol) sucrose, 0.125 mM H 3 BO 3 , 0.03 mM MnSO 4 , 2.5 mM ZnSO 4 , 2.5 mM CuSO 4 , 0.5 mM Na 2 MoO 4 , and 0.5% agarose. This basal medium was complemented with KNO 3 /NH 4 NO 3 /ammonium succinate as the sole nitrogen source at the concentration indicated for each individual experiment. After storing for 2 d at 4°C in the dark, plates were vertically positioned in a growth chamber at 25-26°C (unless otherwise noted) for 10-14 d with a 16-h light/8-h dark cycle and light intensity of 120 μmol m −2 ·s −1 . For the split-root system, seedlings were germinated on the basal medium containing 5 mM KNO 3 as a N source. The big split plates were prepared in 12-× 12-cm petri dishes containing medium described above but no N. Top and bottom cuts of 1.5 cm were made along with an 0.8-cm trench in the central zone. Different N medium was spread on agarose blocks using spreader. For the N-free side, the ion balance was adjusted by adding 5 mM KCl. Ten-day-old plants were trimmed to only the two most basal LRs and then grown for 4 additional days. The plants displaying two lateral roots of equivalent size were transferred to new small split plates (10 × 10 cm, basal medium with 5 mM KNO 3 ) and continued to grow for 3-4 d. Once two LRs were 2-4 cm long, they were put on LN or HN medium, respectively. After 10 d of growth, the root system was scanned at 400 dots per inch by using Epson Perfection 2400 PHOTO. Root lengths were measured by using IMAGE J software.
Protein Expression and Purification. Escherichia coli cells (strain BL21, Biopioneer) harboring GST expression constructs (pGEX-2T) were grown overnight with shaking at 37°C in LB medium containing 50 μg/mL carbenicillin. LB plus carbenicillin medium was inoculated with a 1:100 dilution of overnight culture, and cells were grown to an OD 600 between 0.4 and 0.6 in a shaker at 37°C. Cultures were treated with isopropylthio-β-galactoside to a final 0.4 mM and moved to a room-temperature shaker for 3 h. Cells were collected by centrifugation at 4°C, ∼8,000 × g, for 15 min. The detailed purification steps were as described (74) .
Electrophoretic Mobility Shift Assays. NIA1 DNA probes (109 bp) were generated from NRP-GUS vector (50) by HindIII/PstI digestion. NRT2.1 fragments (150 bp) were amplified with primers NRT2.1F (GCCTGCAGATATCGGCAAC-CTTTGGTG) and NFT2.1R (GACTGCAGTAGGGTTCCTAGCCAGTGTT). Enzyme digestion produces a 3′ end sticky end. Enzyme digestion products were purified by agarose gel and QIAgen Kit. DNA probes were then labeled using Biotin 3′ end DNA labeling kit (Thermo). TCP20 full-length and bindingdomain region binding assays were performed by using a Lightshift Chemiluminescent EMSA kit (Thermo Scientific). Five hundred nanograms of GST-TCP20 or of GST protein and 20-ng DNA probes were used in all assays. Gel running, transfer, and imaging were done as described in the Lightshift kit.
ChIP. The homozygous 2X35S:3FLAG-TCP20 seedlings grown for 14 d were used for ChIP-PCR assays following the procedure described previously (59) . Fifteen grams of seedlings with roots were first cross-linked with 1% formaldehyde under vacuum, and then the samples were ground to a powder in liquid nitrogen. The chromatin complexes were isolated, sonicated, and then incubated with beads linked to monoclonal anti-FLAG antibodies (SigmaAldrich). The precipitated DNA was recovered and used for qPCR.
RNA Isolation and cDNA Synthesis. Total RNA was prepared from roots using an RNeasy Plant Mini kit (Qiagen) and quantified with a Genesis 6 spectrophotometer (Thermo Spectronic). Template cDNA samples were prepared using the SuperScript First-Strand Synthesis System kit (Invitrogen) for reverse transcription with 0.5 μg of total RNA in a reaction volume of 15 μL. The cDNA synthesis reaction mixture was diluted 10 times before being used for qPCR.
Real-Time Quantitative PCR. Real-time quantitative PCR was performed using a LightCycler system from Roche Diagnostics. Primers for the PCR reactions were designed to have a melting temperature of about 60-65°C and to give a PCR product between 175 and 250 bp. The oligo primers used are shown in SI Appendix, Table S2 . The gene expression level was normalized by Ubiquitin 5. Figures   Fig. S1 . Genotypes of tcp20 mutants. S8 . Analysis of NRT, NIA1 and NiR mRNA levels in WT and tcp20 mutants on uniform plates. Relative mRNA levels at 10 days in total roots on 5 mM KNO 3 uniform plates were determined by qPCR. Error bars represent SD (n = 3 biological replicates). S11 Fig. S9 . Analysis of NRT, NIA1 and NiR mRNA levels in WT and tcp20 mutants on split-root plates. Relative mRNA levels at 10 days in total roots on LN (0 mM KNO 3 ) or HN (5 mM KNO 3 ) medium were determined by qPCR. Error bars represent SD (n = 3 biological replicates). Table S1 . Genes that showed evidence of TCP20 binding (compiled from (8, 9) ) and evidence of nitrate induction or repression in roots or shoots (10) 
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